IMPORTANCE Recent trials of percutaneous coronary intervention (PCI) vs coronary artery bypass grafting (CABG) for multivessel disease were not designed to detect a difference in mortality and therefore were underpowered for this outcome. Consequently, the comparative effects of these 2 revascularization methods on long-term mortality are still unclear. In the absence of solid evidence for mortality difference, PCI is oftentimes preferred over CABG in these patients, given its less invasive nature.
1
The optimal treatment approach for patients with multivessel coronary disease remains unclear despite a myriad of randomized clinical trials performed in the last several decades. Several contemporary trials comparing coronary artery bypass grafting (CABG) with percutaneous coronary intervention (PCI) have reported similar mortality rates with the 2 treatment techniques.
2-11 These trials have also reported similar myocardial infarction (MI) rates with the 2 treatment approaches, 4 ,6 -1 1 although a longer-term follow-up of one of these trials suggested a reduction in MIs with CABG. 12 Given no clear superiority of surgical treatment with regard to mortality and MIs, and given an increase in early strokes with CABG, 9 PCI is often preferred in patients with multivessel CAD. Accordingly, between 2001 and 2006, the number of PCIs performed annually for multivessel disease inc reased by 56%, and the total number of CABG surgeries decreased by 24% and continued to decline at a rate of approximately 5% per year subsequently.
13
Despite the large number of clinical trials comparing CABG with PCI for multivessel disease, all of these trials were underpowered to detect a difference in all-cause mortality, the most important outcome of cardiovascular trials. 2, 6, 7, [9] [10] [11] Similarly, these trials were also underpowered to detect differences in MI, a major cause of morbidity in these patients. Consequently, the current practice regarding treatment of multivessel coronary disease is not evidence based for hard end points. Therefore, our aim was to overcome the power limitation of the existing data sets by performing a meta-analysis all randomized trials directly comparing CABG with PCI in the current era of high arterial graft and stent use and examine the comparative effects of these procedures on long-term mortality and morbidity in patients with multivessel disease.
Methods

Literature Search
A systematic search was made of MEDLINE using PubMed through December 2012 to retrieve all published "randomized controlled trials" comparing CABG and PCI in multivessel coronary disease. The search term was [(bypass or by-pass) and (PCI or stent) and (multi-vessel or multivessel or three-vessel or three vessel or two vessel or two-vessel) ]. The search was limited to "randomized controlled trials," and there was no time limit used in the search criteria. Supplementary searches were made using Scopus (covering MEDLINE, Embase, and several other databases from a variety of disciplines) and Cochrane Central Register of Controlled Trials using similar search terms.
Study Selection
All of the 102 publications retrieved from the PubMed-MEDLINE search were reviewed carefully for exclusion criteria. Studies were excluded if they (1) were not randomized, (2) did not have a dedicated CABG and PCI arm, (3) did not report mortality, (4) did not report outcomes in patients with multivessel disease, (5) had an average follow-up duration shorter than 1 year, (6) did not use at least 1 arterial graft in at least 90% of the patients receiving CABG, and (7) did not use stents in at least 70% of the patients in the PCI arm. The last 2 exclusion criteria were chosen to assure that the included clinical trials reflected the current clinical practice.
Data Extraction
Data from studies meeting the selection criteria were extracted and verified independently by 2 of us (I.S. and M.H.A.). Information on inclusion criteria, duration of follow-up, procedural characteristics, and baseline patient characteristics were collected. Subsequently, number of events and total sample size for the outcomes of interest according to treatment arms at the longest possible follow-up were extracted for each trial. If the actual numbers of events were not stated, Kaplan-Meier estimates were used.
Statistical Analysis
Statistical heterogeneity was tested by the Cochran Q statistic and was reported as I
2
. To obtain meta-analytic risk ratios (RRs) and 95% CIs, fixed effects models using number of events and total sample size were used, unless there was heterogeneity among the included trials. In cases of heterogeneity (defined as I 2 > 40%), random effects models were used. Sensitivity analyses were performed according to whether trials were limited or not limited to diabetics, whether bare-metal or drugeluting stents were used, and by using the one-study-out method. To address the issue of publication bias, the BeggRank correlation method was used. 14 The reported P values with this method are 2-tailed, with continuity correction. Additionally, funnel plots were generated to further examine publication bias. Comprehensive Meta Analysis software, version 2.2.064 (Biostat Inc) was used for all analyses.The PRISMA checklist for this meta-analysis can be found in the eTable in the Supplement.
Results
Search Results
The results of the literature search are shown in Figure 1 . Of the 102 results, 6 clinical trials without the exclusion criteria enrolling a total of 6055 patients (3023 CABG, 3032 PCI) were included in the meta-analysis. Supplementary searches of Scopus and Cochrane Central Register of Controlled Trials did not reveal any additional relevant data.
Study and Patient Characteristics
The characteristics of the included trials are listed in Table 1 . The duration of longest follow-up varied between 1 and 6 years, with a weighted average of 4.1 years. The CARDia 7 and CABG was 0% to 31% in the included trials. Baseline patient characteristics are listed in Table 2 and Table 3 . These were similar in the CABG and PCI arms of the individual studies, as expected in large randomized trials. Left ventricular systolic function was preserved in most patients. Patients had either 2-vessel or 3-vessel coronary disease in all trials except the SYNTAX trial multivessel group, 9 where all patients had 3-vessel disease.
No evidence of publication bias was detected when this issue was examined by the Begg-Rank correlation method. The test statistic for the Begg approach, the Kendall τ, was nonsignificant for reporting of mortality and MI (P > .80 for both mortality and MI). Funnel plots examining publication bias are presented in Figure 2 .
Quantitative Data Synthesis
The comparative effect of CABG vs PCI on total mortality is shown in Figure 3 . There was a significant 27% reduction in total mortality with CABG compared with PCI ( were significantly reduced with CABG compared with PCI ( Figure 6 and Figure 7 ). The number needed to treat was calculated using the obtained meta-analytic RRs and observed cumulative event rates in the PCI arms of the trials. Accordingly, CABG had to be preferred over PCI in 37 patients to save 1 life and in 26 patients to prevent 1 MI for the weighted average duration of follow-up of 4.1 years. The number needed to treat was 7 for repeat revascularizations and 10 for MACCE. The number needed to harm was 105 to cause 1 excess stroke with CABG. Abbreviations: CABG, coronary artery bypass grafting; BMS, bare-metal stent; DES, drug-eluting stent; MACCE, major adverse coronary and cerebrovascular events; PCI, percutaneous coronary intervention. a MACCE is the combined end point of death, non-fatal MI, non-fatal stroke and repeat revascularization.
b MASS II trial had 3 arms (medical therapy vs CABG vs PCI). Only the CABG and PCI arms were included in this meta-analysis. c Number assigned to each arm were calculated assuming equal 1:1 distribution.
Data for trial characteristics are from the whole SYNTAX population.
Sensitivity Analysis
The magnitude of risk reduction in mortality was similar in trials limited to patients with diabetes and those not limited to patients with diabetes (P = .80 for heterogeneity) ( Table 4) .
There was also no evidence of heterogeneity according to type of stent used (heterogeneity P = .56 for bare-metal vs drugeluting stents). The findings of the meta-analysis remained stable with the one-study-out method ruling out the possibility 
Discussion
This meta-analysis of the contemporary era shows that in patients with multivessel CAD, CABG reduces long-term mortality by 27% compared with PCI, regardless of whether the study population is limited to patients with diabetes or not. Regarding major morbidity, a 42% risk reduction in MI was observed in patients randomized to CABG. There was a trend for excess strokes with CABG, probably related to an increase in periprocedural strokes. However, the absolute risk increase in stroke was small compared with the absolute risk reduction in mortality and MI, as demonstrated by the numbers needed to treat. Although CAD is a leading cause of death worldwide, the optimal treatment strategy for this disease remains to be well defined. There have been important advances in nonsurgical therapies, including drug-eluting stents, newer anticoagulantantiplatelet drug regimens, and aggressive lipid-lowering treatment, all of which have led to improved outcomes in nonsurgically treated patients with multivessel CAD. Additionally, improvements in surgical techniques including nearly universal arterial graft use and better postoperative care have rendered obsolete much of the surgical outcomes data from the clinical trials published before the turn of the century.
18-21 As PCI methods continue to evolve and surgical outcomes im- Log risk ratios less than 0 favor coronary artery bypass grafting; those greater than 0 favor percutaneous coronary intervention. These funnel plots represent a measure of study size on the vertical axis as a function of effect size on the horizontal axis. Large studies appear toward the top of the graph, and tend to cluster near the mean effect size. Smaller studies appear toward the bottom of the graph and (since there is more sampling variation in effect size estimates in the smaller studies) will be dispersed across a range of values. In the absence of publication bias, as is demonstrated in these funnel plots, the studies, represented by pale dotted circles, are distributed symmetrically about the combined effect size. The dashed diamond appearing below the x-axis represents the summary effect. making the results difficult to interpret. This is partially because, unlike in previous eras, in the present era, the annual mortality of these patients is very low, under 2% to 3% in most studies. Consequently, the composite primary end point of MACCE was introduced to overcome the power limitation of 
RR (95% CI)
Total number of patients, 6055 (I 2 = 75.6% for the random effects model). CABG indicates coronary artery bypass graft; PCI, percutaneous coronary intervention; RR, risk ratio; for expansion of all study name acronyms, see the cited references. point of repeat revascularizations, which can be acceptable for many physicians and patients wishing to avoid cardiac surgery. This is especially important in the absence of evidence for significant improvement in mortality or major morbidity such as MI with CABG. [3] [4] [5] [7] [8] [9] [10] For example, in the seminal first report of one of the landmark trials comparing CABG with PCI, mortality and MI rates were similar, while the stroke rate was higher in the CABG arm. 9 As a result of this and other previous trials, as well as very large observational data sets reporting no mortality or morbidity benefit with CABG, 22 practice patterns shifted toward stenting. 13 To overcome the limitations of the underpowered studies, we performed this meta-analysis pooling data from multiple studies including a total of more than 6000 patients. Our analysis demonstrates that both long-term mortality and MIs are reduced significantly with CABG compared with PCI, regardless of whether drug-eluting or bare-metal stents are used. The validity of our findings are supported by a recent propensity-matched analysis of over 100 000 patients reporting superior survival and lower MI rates with multivessel CABG compared with multivessel PCI. 23 It is notable that the results of the clinical trials included in this meta-analysis were homogeneous for all of the outcomes studied (ie, I 2 <40%) except for the outcome of repeat revascularization. For this outcome, the effect size was relatively smaller for the SYNTAX 9 and FREEDOM 16 trials (RR, >0.35 in both), where there was universal use of drug-eluting stents that reduce in-stent restenosis, compared with the other trials, which used bare-metal stents (RRs <0.30). It has been long debated whether the presence of diabetes should dictate the revascularization method in patients with multivessel CAD. Traditionally, surgery has been preferred over PCI for this population. Evidence for this is largely based on the BARI study 19 and comes from the plain balloon era. While the BARI study did not show an overall mortality benefit between the 2 revascularization methods, a post hoc subgroup analysis of diabetic patients showed a long-term mortality of 34.5% for balloon angioplasty and 19.4% for surgery (P = .03). Very recently, the results of the FREEDOM study 16 enrolling only diabetic patients confirmed the mortality and morbidity benefit of CABG over PCI in this population. Therefore, it may be argued that the benefit of CABG over PCI is limited to patients with diabetes and that the mortality benefit of CABG seen in our metaanalysis is driven by diabetic patients. In this regard, among the trials included in our meta-analysis, 2 of them were limited to patients with diabetes alone, and 4 of the trials included primarily nondiabetic patients. On further analysis, there was no heterogeneity in reduction of mortality and MIs among the trials limited to and not limited to diabetic patients. The effect size for mortality reduction was very similar in trials enrolling only diabetic patients (25%) and the trials enrolling primarily nondiabetic patients (28%). While the FREEDOM trial is a landmark study that will consolidate the approach to revascularization in patients with diabetes and multivessel CAD, the vast majority of patients with multivessel disease are nondiabetic.
24
Our results strongly suggest that CABG should be the revascularization method in patients with multivessel CAD, regardless of their diabetic status. However, it should be remembered that the included trials enrolled patients mostly with stable or unstable angina and excluded patients with acute MI. Therefore, our findings do not apply to the type of patients who were systematically excluded from these trials. Our results must be interpreted in light of several limitations. This was necessarily a trial-level meta-analysis because we did not have access to individual patient-level data. Therefore, we were not able to perform subgroup analysis to see whether the superiority of CABG over PCI for mortality reduction was limited to certain subgroups (eg, those with intermediate to high SYNTAX scores or those with 3-vessel disease). Also, it may be argued that newer generation drugeluting stents that are now commonly used during PCI such as the everolimus-or the zotarolimus-eluting stents were not tested in the trials included in this meta-analysis. In this context, it should be noted that the newer generation drugeluting stents did not improve mortality compared with the sirolimus-or paclitaxel-eluting stents 25, 26 or the bare-metal stents 27 in randomized controlled trials. Another argument could be that CABG may still not be the best approach for the management of patients with multivessel disease because our meta-analysis compared CABG only to PCI and not to medical therapy, and CABG may not be superior to medical therapy alone. In this context, there are 2 major contemporary randomized trials comparing CABG with medical therapy. 6,28 The MASS II trial, 6 which was also included in our meta-analysis, is one of these trials. This trial, primarily enrolling nondiabetic patients, had 3 arms, namely, CABG, PCI, and medical therapy arms. In MASS II, the 5-year mortality was 12.8% with CABG and 16.2% with medical therapy, although the difference was not statistically significant. Risk of acute MI was significantly reduced with CABG compared with medical therapy (RR, 0.41 [95% CI, ). The BARI 2D trial 28 including patients with diabetes is the other relevant trial. In BARI 2D, within the CABG stratum, MIs were significantly less frequent in CABG plus intensive medical therapy vs intensive medical therapy alone groups (10.0% vs 17.6%) (P = .003), and the composite end point of death or MI (21.1% vs 29.2%) (P = .01) was also less frequent. These data, along with other data showing equivalence of stenting with medical therapy in stable multivessel coronary disease, suggests that CABG is not only superior to PCI but also to medical therapy for at least prevention of MI. Nevertheless, an appropriately sized randomized trial examining the effect of CABG vs medical therapy on total mortality in patients with preserved ejection fraction does not exist for the current era.
Conclusions
In patients with multivessel coronary disease, CABG does not only lead to a dramatic reduction in repeat revascularization and MACCE but also leads to a 27% reduction in
